The quality characteristics in the wafer fabrication process are diverse, variable, and fuzzy in nature. How to effectively deal with multiresponse quality problems in the wafer fabrication process is a challenging task. In this study, the fuzzy technique for order preference by similarity to an ideal solution (TOPSIS), one of the fuzzy multiattribute decision-analysis (MADA) methods, is proposed to investigate the fuzzy multiresponse quality problem in integrated-circuit (IC) wafer fabrication process. The fuzzy TOPSIS is one of the effective fuzzy MADA methods for dealing with decision-making problems under uncertain environments. First, a fuzzy TOPSIS methodology is developed by considering the ambiguity between quality characteristics. Then, a detailed procedure for the developed fuzzy TOPSIS approach is presented to show how the fuzzy wafer fabrication quality problems can be solved. Real-world data is collected from an IC semiconductor company and the developed fuzzy TOPSIS approach is applied to find an optimal combination of parameters. Results of this study show that the developed approach provides a satisfactory solution to the wafer fabrication multiresponse problem. This developed approach can be also applied to other industries for investigating multiple quality characteristics problems.
Introduction
Wafer fabrication process plays an important role in the quality of integrated-circuit (IC) semiconductor components. The quality characteristics of IC semiconductor components are diverse, variable, and fuzzy in nature. The design and development of wafer fabrication process should take many aspects into consideration as it takes so much time and cost to solve the quality problem. How to effectively deal with the multiresponse quality problems in the wafer fabrication process is important and challenging.
Taguchi method, design of experiments, or response surface method have been helpful and prevailing in the industry for finding good combinations of parameters for manufacturing processes [1] . Traditionally, most such applications are for solving single-response quality problems and reducing quality loss and variance. As the demand for a product with higher quality is increasing, the requirements for product quality characteristics tend to be multidimensional. Also, the environment under the various quality measurements is becoming uncertain and fuzzy. Hence, it is essential to develop more appropriate methods for solving the fuzzy multiresponse quality problem.
Several analytical methods have been proposed for dealing with the multiresponse quality problem. In the early years, the weighted method, regression analysis, desirability function, or loss function were used to simplify the multiresponse problem as a single-response problem with limited results [2] [3] [4] [5] . Recently, more sophisticated methods such as weighted allocation method, regression and mathematical programming technique, principal components analysis, data envelopment analysis, neural network, and grey relational analysis have been applied to the multiresponse problem with satisfactory results [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, for the multiresponse quality problem under fuzzy environments, there remain several issues that need to be further investigated.
Multiattribute decision analysis (MADA) methods deal with decision problems with known alternatives and have been applied in assessment and evaluation problems, such as assessment of design quality [15] , evaluation of production processes [16] , and appraisal of software packages [17] . When the attributes, outcomes, or preferences of alternatives cannot be certain or crisp under fuzzy environments, such decision problems can be fuzzy in nature qualitatively and quantitatively. Those fuzzy MADA problems need the use of fuzzy set theory and related soft computing techniques for resolution.
There are several methods that can be used for solving MADA problems, such as simple additive weight, technique for order preference by similarity to ideal solution (TOPSIS), elimination et choice translating reality (ELECTRE), analytic hierarchy process (AHP), weighted product, median ranking, linear assignment, and hierarchical additive weighting [18] . Among those methods, the TOPSIS method exhibits several features, such as flexibility, robust, and stability, that can be applied to deal with the fuzzy multiresponse quality problems. In this study, the fuzzy TOPSIS is proposed to investigate the multiresponse quality problems in wafer fabrication process. The motivation is that the fuzzy TOPSIS method can take advantage of normalizing and defuzzifying fuzzy data collected from multiresponse quality problems and can utilize fuzzy entropy measures to provide objective weights for each criterion [19] . Furthermore, the fuzzy TOPSIS method can be integrated with Taguchi method to develop an exact procedure for obtaining satisfactory combinations of parameters.
The objectives of this study are threefold. First, a fuzzy TOPSIS method with fuzzy entropy weight measure is developed for the fuzzy multiresponse quality problem. Second, Taguchi method is combined with the developed fuzzy TOP-SIS method to select satisfactory combinations of parameters for wafer fabrication process. Finally, the developed approach is implemented to show the benefits of improving the quality problem in wafer fabrication process.
Development of Fuzzy TOPSIS Method
The method of technique for order preference by similarity to an ideal solution (TOPSIS) was proposed by [18] in which the concept of compromise solution [20] is adopted and served as proximity to the ideal solution. The TOPSIS method selects the best alternatives based on criteria in which the distance to the positive ideal solution is the shortest and the distance to the negative ideal solution is the longest. The positive ideal solution is the one with the maximal benefit value and minimal cost value among all possible alternatives. The negative ideal solution is the one with minimal benefit value and maximal cost values. The positive and negative ideal solutions can be found by way of weighting the normalized decision matrix. A relative closeness is computed and used for ranking all possible alternatives by the measure of Euclidean distance.
The fuzzy TOPSIS method is one of the fuzzy MADA methods in which the fuzzy set theory is used to modify the TOPSIS method for decision problems under fuzzy environments. Fuzzy set theory is applied to provide fuzzy number for describing any fuzzy subset of responses and preferences with suitable membership functions. Then, the developed fuzzy TOPSIS method is applied to rank all possible alternatives by the criteria of relative closeness to positive and negative ideal solutions. The following is the detailed procedure for the developed fuzzy TOPSIS method.
Construction of a Fuzzy Multicriterion Decision Matrix.
Construction of fuzzy decision matrix is the first step for solving fuzzy multiattribute decision problems. Every alternative is evaluated under each criterion to obtain its performance measure. Suppose there are decision makers, alternatives, and criteria. Each decision maker can provide one fuzzy performance measure,̃= ( , , ), under the th criterion for the th alternative, where is smallest number, is the medium number, and is the largest number, that is, < < . The fuzzy performance measures are summed and denoted as̃via (1) . Then the fuzzy decision matrix (̃) can be constructed as shown in (2) as follows:
Normalization of the Fuzzy Decision Matrix.
In order to be comparable among each criterion, the collected data under different criteria should be normalized into the scale between 0 and 1. At least two ways of normalization can be used in this purpose, that is, vector normalization and linear normalization [21] [22] [23] . The linear normalization is used in this study due to its simplicity. The normalized fuzzy decision matrix̃can be obtained via (3) and (4), wherẽis the normalized fuzzy number:
where , , and are the smallest number, medium number, and the largest number, respectively, in the membership functioñ= ( , , ).
Calculation of Fuzzy Weights by Fuzzy Entropy Method.
The entropy method provides a subjective way to estimate weight measure for each criterion [24] . In this study, the fuzzy entropy method is developed to assign fuzzy weight measures to criteria under consideration of fuzzy factors for the entropy method. First, the original fuzzy performance measures̃are normalized as̃by (5), wherẽ * is the largest measure number under the th criterion. In practice, * can be replaced by + that appeared in (4). Next, the entropy measure for the th criterion,̃, is calculated using (6) , where is the number of alternatives. Then, the fuzzy weight for the th criterion, (̃), is obtained by (7):
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The intuitive meaning of (6) and (7) used to determine entropy and weights can be explained as follows. For an alternative, the larger is the contrast intensity of the ith attribute, the greater is the amount of decision information contained in and transmitted by the attribute. Then we can use a fuzzy entropy measure to show the average intrinsic information transmitted to the decision maker through the th attribute by the definition of attribute importance. The fuzzy entropy measure of the th attribute contrast intensity can be defined by (6) . Hence, for the th attribute, the larger the fuzzy entropy measure is, the less information is transmitted by the th attribute. Then, a normalized fuzzy weight can be defined by (7).
Weighting of the Normalized Fuzzy Decision Matrix.
Since each criterion can have different preferences, the obtained fuzzy weight measures are used to reflect such facts by multiplying into the normalized decision matrix, as shown in (8), where the notation ⊙ denotes multiplication operations,Ṽ is the weighted fuzzy number, and̃represents the weighted decision matrix as follows: 
2.5. Numbering and Attributing. One metric used in the fuzzy TOPSIS method to assess alternatives is based on the measure of distance to positive and negative ideal solutions, respectively. The determination of positive and negative ideal solutions may consider three situations regarding the characteristics of quality responses, that is, the larger the better, the smaller the better, and the nominal the better. To determine the fuzzy positive ideal solution (̃+), (9) is used for the response with the larger the better, (10) for the response with the smaller the better, and (11) for the response with the nominal the better, respectively, where 1 is a set of benefit attributes, 2 is a set of cost attributes, andṼ * is the weighted normalized fuzzy target value:
whereṼ + = target value of {Ṽ } =Ṽ * .
Similarly, to determine the fuzzy negative ideal solution (̃−), (12) is used for the response with the larger the better, (13) for the response with the smaller the better, and (14) for the response with the nominal the better, respectively:
whereṼ
Calculation of the Distances to Fuzzy Positive and Negative
Ideal Solutions. Let̃+ be the distance to the fuzzy positive ideal solution from alternative and let̃− be the distance to the fuzzy negative ideal solution from alternative . Then (16) can be used to calculate for̃+ and̃− as follows:
Computation of the Fuzzy Relative Closeness for Each
Alternative. Let̃be the fuzzy relative closeness coefficient for alternative . Equation (17) can be used to compute the fuzzy relative closeness coefficient. The fuzzy relative closeness for alternative represents the degree of proximity to the positive ideal solution. If the computed̃value is close to 1, one can infer that alternative approaches the positive ideal solution and it could be the best one among other alternatives. Otherwise, if̃value is far less than 1, alternative will not be a good one:
Ranking of the Alternatives by the Fuzzy Closeness Coefficient.
The obtained fuzzy closeness coefficients are averaged and used to rank all possible alternatives. The larger the mode of̃is, the better the alternative will be.
A Case Study
In this study, one of the wafer fabrication processes, the deposition process, is used as a case study for showing the implementation of the developed fuzzy TOPSIS method. During the deposition process, three quality responses place significant effects on the quality of wafers, that is, defect number on wafer surface, density of wafer, and deposition rate. The defect number is the type of the-smaller-the-better response, the density of the-larger-the-better response, and the deposition rate of the-nominal-the-better response.
During the experiment, six control factors are selected, that is, deposition temperature, deposition pressure, nitrogen flow, silane flow, setup time, and cleaning method. Each control factor has three levels. By the Taguchi experimental design method, the 18 (2 1 × 3 2 ) orthogonal table is used to provide eighteen combinations for this experiment, shown in Table 1 .
For each combination of experiment, three wafers were randomly selected from one batch of 50 wafers and were inspected in terms of defect number, density, and deposition rate on three positions of each wafer, that is, top, central, and bottom. Experimental data were collected and summarized to provide a fuzzy decision matrix. The obtained fuzzy decision matrix is normalized. The fuzzy entropy method is then applied to estimate fuzzy weights for each quality response, provided in Table 2 . Using the fuzzy weights, the weighted fuzzy decision matrix is calculated in Table 3 .
The fuzzy positive and negative ideal solutions for each quality response are computed and shown in Table 4 . Then, the distances to the fuzzy positive and negative ideal solutions for each combination are obtained. The relative closeness coefficients are calculated. Finally, the calculated relative closeness coefficients are averaged over each level of control factors in Table 5 and the best combination of control factors can be found in Table 6 .
Conclusions
The quality problems arising in the IC semiconductor components are diverse, variable, and fuzzy. The design of wafer fabrication process should consider many aspects of the quality problem because it takes so much time and cost to solve the quality problem. A fuzzy TOPSIS method with fuzzy entropy weight measure is developed for the fuzzy multiresponse quality problem. Since during the deposition process in wafer fabrication, some undesired defect number on the wafer surface might occur quite often and the variability of the density within wafers and in-between wafers might be large, it is essential to investigate those causes and effects to improve the quality problem. In this study, the deposition process in the wafer fabrication is used as a case study to demonstrate the merit of the developed fuzzy TOPSIS method. Results of this study indicate that the developed approach provides a satisfactory combination of control factors for the wafer fabrication process.
There are several opportunities that can apply the developed fuzzy TOPSIS approach for future study. One can find that the demand for electronic product with higher quality is increasing and the environment under the various quality measurements is becoming uncertain and fuzzy. The developed fuzzy TOPSIS method can be applied for those manufacturing processes to solving multiresponse quality Advances in Fuzzy Systems 5 problems under uncertain environments. Also, one can investigate the possible benefits for applying different fuzzy MADA methods for solving the multiresponse quality problems.
